Erythropoiesis is a complex multistep process responsible of the production of circulating mature erythrocytes and involved the production of reactive oxygen species (ROS) during erythroid differentiation. Here, we document that Fyn, a Srcfamily-kinase, participates in erythropoietin (EPO) signaling pathway, by the reducing extent of Tyr-phosphorylation of EPO-R and by decreasing STAT5 activity. The importance of Fyn in EPO cascade is also supported by the increased sensitivity of 
INTRODUCTION
Erythropoiesis is a complex multistep process during which committed erythroid progenitors undergo terminal differentiation to produce circulating mature red cells.
Erythroid differentiation is characterized by the production of reactive oxygen species (ROS) in response to erythropoietin (EPO) and by the large amount of iron imported into the cells for heme biosynthesis. 1 During erythropoiesis, ROS could function as second messenger by modulating intracellular signaling pathways. EPO induced erythropoiesis activates a signaling cascade, involving Jak2, as the primary kinase, and Lyn, a Tyr-kinase of the Src family (SFK), as secondary kinase. [2] [3] [4] These two kinases target STAT5 transcription factor, one of the key master transcription regulator involved in erythroid maturation events. [2] [3] [4] Previous studies have shown that the mice genetically lacking Lyn (Lyn -/-) display reduced STAT5 activation and defective response to phenylhydrazine (PHZ) induced stress erythropoiesis. [2] [3] [4] These data support an important role for Lyn mediated downstream key signaling pathway in EPO induced erythropoiesis. [2] [3] [4] [5] Fyn, is another member of the SFKs that is also expressed in hematopoietic cells. [6] [7] [8] [9] [10] Fyn has been invoked as an additional kinase to the canonical thrombopoietin/Jak2 pathway in megakaryopoiesis. 11 In addition, Fyn has been shown to target STAT5
and to participate to STAT5 activation in mast-cells in response to FCRI engagement. 8 Furthermore, Fyn intersects different intracellular signaling pathways and participates to the regulation of the redox sensitive transcriptional factor Nrf2. [12] [13] [14] Nrf2 regulates the expression of a number of genes involved in cellular antioxidant and cytoprotective systems and thereby enables the cell to protect against oxidation damage. [12] [13] [14] Following acute phase response, Fyn switches-off active Nrf2, triggering its exit from the nucleus and degradation. [12] [13] [14] [15] In erythroid maturation events, the activation of Nrf2 is crucial to support stress erythropoiesis induced by the oxidant, PHZ, and in modulating ineffective erythropoiesis in -thalassemic mice. 16, 17 In other cellular models, it has been shown that impairment of Nrf2 postinduction regulation results in perturbation of cell homeostasis and in accumulation of poly-ubiquitylated protein aggregates due to deregulated autophagy. 14 Autophagy is activated in response to different cellular stresses to ensure cell survival and ensure the clearance of the damaged proteins. 16, 17 We recently showed that in chorea-acanthocytosis the impairment of autophagy promotes accumulation of proteins, resulting in engulfment of the cells and in perturbation of erythropoiesis combined with increased oxidative stress. 18 Thus, the response to EPO-R activation might involve a integrated and intersecting actions of a number of intracellular signaling pathways The role of these intersecting pathways might include modulation of Nrf2 function to control ROS generation and to clear damage proteins by autophagy.
In present study, we explored the role of Fyn in regulating normal and stress erythropoiesis. We show that in addition to Jak2 and Lyn, Fyn is an additional kinase Rapamycin, an mTOR inhibitor and autophagy activator, co-administrated to PHZ further validated the importance of autophagy as adaptive mechanism to stress erythropoiesis in presence of perturbation of EPO cascade.
METHODS

Mouse strains and design of the study. The Institutional Animal Experimental
Committee of University of Verona (CIRSAL) and the Italian Ministry of Health approved the experimental protocols. Two-months old female wild-type (WT) and Fyn -/-mice were studied. Where indicated, WT and Fyn -/-mice were treated with EPO (10 U/mouse/day for 5 days by intraperitoneal injection), 3 or Phenylhydrazine reticulocyte count were evaluated at baseline and at different time points (6, 8 and 11 days after EPO injection; at 2, 4, 8 and 14 days after PHZ injection; at 3, 6 and 9 days after DOXO injection; at 2, 4, 8, 14 days after Rapa plus PHZ injection) as previously reported. 20, 21 Blood was collected with retro-orbital venipuncture in anesthetized mice using heparinized microcapillary tubes. Hematological parameters were evaluated on a Bayer Technicon Analyser ADVIA. Hematocrit and hemoglobin were manually determined.
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Flow cytometric analysis of mouse erythroid precursors and molecular analysis of sorted erythroid cells. Flow cytometric analysis of erythroid precursors from bone marrow and spleen from WT and Fyn -/-was carried out as previously described using the CD44-Ter119 or CD71-Ter119 strategies. 16, 24, 25 Analysis of apoptotic basophilic, polychromatic and orthochromatic erythroblasts was carried out on the CD44-Ter119 gated cells using the Annexin-V PE Apoptosis detection kit (eBioscience, San Diego, CA, USA) following the manufacturer's instructions.
Erythroblasts ROS levels were measured as previously reported by Matte et al. 16 Sorted cells were used for (i) morphological analysis of erythroid precursors on cytospin preparations stained with May Grunwald-Giemsa; (ii) immuno-blot analysis with specific antibodies against anti-P-Ser473-Akt, anti-Akt, anti-P-Ser2448-mTOR, anti-mTOR, anti-Jak2 (Cell Signaling, Massachusetts, USA); anti-P-Ser40-Nrf2, anti- 
CFU-E, BFU-E assay
CFU-E and BFU-E assay was carried out using MethoCult as previously reported.
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Details are present in Supplementary Methods.
Immunofluorescence assay for p62 and FOXO3 in sorted erythroblasts
Immunofluorescence assay for p62 and FOXO3 in sorted erythroblasts was carried out as previously described. 18, 23, 27 Details are reported in Supplementary materials and methods.
LysoTracker and MitoTracker analysis in maturating reticulocytes
To obtain reticulocyte enriched RBC fraction, WT and Fyn -/-mice were intraperitoneally injected with PHZ (40 mg/kg) at day 0, 1, 3 to induce reticulocytosis, and blood was collected in heparinized tubes at day 7, as previously described.
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RBCs were washed three times with the maturation medium (60% IMDM, 2mM Lglutamine, 100U Penicillin-Streptomicin, 30% FBS, 1% BSA and 0.5 µg/ml Amphotericin), diluted 1/500 in maturation medium and cultured in a cell culture incubator at 37°C, 5% of CO 2 for 3 days. Clearance of Lysosome and Mitochondria, on the CD71/Ter119 gated RBC populations, were analyzed at day 0 and 3 of culture using the Lysotracker Green DND-26 (ThermoFisher Scientific) and the MitoTracker Deep Red (ThermoFisher Scientific) probes, respectively, following the manufacturer's instructions. Samples were acquired using the FACSCantoII TM flow cytometer (Becton Dickinson, San Jose, CA, USA) and data were processed with the FlowJo software (Tree Star, Ashland, OR, USA) as previously described.
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Pearl's analysis of liver and spleen
Immediately following dissection, spleen and liver were formalin-fixed and paraffinembedded for Pearl's staining.
Molecular analysis of liver
Protocols used for RNA isolation, cDNA preparation and quantitative qRT-PCR have been previously described. 29 Detailed primer sequences are available on request and shown in Table 1S . Liver immuno-blot analysis was performed as previously described.
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Measurement of heme and heme-oxygenase-1 activity.
Liver heme content was measured using a fluorescence assay, as previously reported. 31 Details are reported in Supplementary Methods.
HO activity was evaluated in tissue microsomal fractions by spectrophotometric determination of bilirubin produced from hemin added as the substrate, as previously reported.
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Statistical analysis. Data were analyzed using either t-test or the 2-way analysis of variance (ANOVA) for repeated measures between the mice of various genotypes. A difference with a p< 0.05 was considered significant.
RESULTS
The absence of Fyn results in decreased efficiency of EPO-signaling pathway
Fyn -/-mice displayed a slight microcytic anemia characterized by a small but significant reduction in hemoglobin, microcytosis and increased reticulocyte counts compared to wild-type animals (Table 1) . To understand whether iron deficiency might account for the observed microcytosis, we evaluated iron accumulation in the liver and spleen. No differences in Pearl's staining for iron in either liver or spleen of Fyn -/-compared to wild type mice was observed (Figure 1Sa ). In agreement, expression levels of H-Ferritin in liver were similar in both mouse strains, whereas expression of L-Ferritin was slightly, but significantly lower in Fyn -/-mice compared to wild-type mice (Figure 1Sb ). Haptoglobin levels were measured to determine the possible contribution of hemolysis to microcytic anemia in Fyn -/-mouse. Upregulation of haptoglobin mRNA levels was noted in liver from Fyn -/-mice, while plasma haptoglobin levels were similar in both mouse strains (Figure 1Sc, d ). These findings suggest that in mice genetically lacking Fyn, the noted mildly compensated anemia is not related to either iron deficiency or chronic hemolysis.
To better define the Fyn -/-mouse hematologic phenotype, we carried out the morphologic analysis of erythroblasts at distinct stages of terminal erythroid 
Increased activation of Akt in Fyn -/-mice contributes to the modulation of redox cellular response during erythropoiesis
In normal and disordered erythropoiesis, previous studies have shown that Jak2 and oxidation can activate Akt, which affects multiple targets during erythropoiesis ( Figure 3a ). 4 Notably, Akt is also important in mediating cellular response to oxidation by the activation of two redox sensitive transcriptional factors, Nrf2 and 14 Autophagy is the master control system regulating protein quality and clearance of damaged proteins.
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The lysosomal related cargo p62 protein can be used as indirect marker of autophagy and its accumulation correlates with impairment of autophagy. 41 In liver from Fyn -/-mice, we found an accumulation of p62, suggesting a blockage of autophagy in the absence of Fyn (Figure 5Se , f). In agreement, mTOR was more active in liver from Fyn -/-mice compared to wild-type animals ( Figure 5Sg ). 35, 42, 43 These data imply impaired autophagy in liver from mice genetically lacking Fyn.
Impaired autophagy related to mTOR activation characterizes Fyn -/-mouse erythropoiesis
Since autophagy is also important during erythropoiesis, 40 we explored mTOR signaling during erythroid maturation in Fyn -/-mouse. As shown in Figure 4a , Fyn Erythroblasts ROS levels were measured as previously reported by Matte et al. 16 Sorted cells were used for (i) morphological analysis of erythroid precursors on cytospin preparations stained with May Grunwald-Giemsa; (ii) immuno-blot analysis with specific antibodies against anti-P-Ser473-Akt, anti-Akt, anti-P-Ser2448-mTOR, anti-mTOR, anti-Jak2 (Cell Signaling, Massachusetts, USA); anti-P-Ser40-Nrf2, anti- 
CFU-E, BFU-E assay
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Immunofluorescence assay for p62 and FOXO3 in sorted erythroblasts
LysoTracker and MitoTracker analysis in maturating reticulocytes
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Molecular analysis of liver
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THE PAPER EXPLAINED Problem
Erythropoiesis is a complex multistep process responsible of the production of circulating mature erythrocytes and involved the production of reactive oxygen species (ROS) during erythroid differentiation. 
